Abstract Purpose: Chondrosarcoma is a malignant cartilaginous matrix^producing tumor that can be lethal in 10% to 50% of the patients. Surgery is the only effective treatment known as these tumors are notorious refractory to all types of conventional chemotherapy or radiotherapy. To identify a target for therapy, we want to determine whether estrogen signaling is active in chondrosarcoma because estrogen is important in the regulation of longitudinal growth that is initiated by chondrocyte proliferation and differentiation in the epiphyseal growth plate of long bones. Experimental Design: We studied protein expression of the estrogen receptor in 35 cartilaginous tumors as well as mRNA levels for the estrogen receptor and for aromatase, an enzyme for estrogen synthesis and another potential therapeutic target. Furthermore, the activity of aromatase was determined in vitro by the tritiated water release assay. Dose-response experiments with chondrosarcoma cultured cells were done with estrogen, androstenedione, and exemestane. Results: All chondrosarcomas tested showed mRNA and nuclear protein expression of the estrogen receptor. Also, aromatase mRNA was detected. The aromatase activity assay showed a functional aromatase enzyme in primary chondrosarcoma cultures and in a cell line. Growth of chondrosarcoma cell cultures can be stimulated by adding estrogen or androstenedione, which can be inhibited by exemestane. Conclusions: These results show, on the RNA, protein, and cell biological levels, that the ligand and the receptor are active in estrogen-mediated signal transduction. This observation implicates potential use of targeted drugs that interfere with estrogen signaling, such as those applied for treating breast cancer.
Chondrosarcoma is a malignant cartilaginous matrix -producing tumor, which, depending on the site of occurrence and histologic grade, can be lethal in 10% to 50% of the patients. Different clinical and histologic subtypes are discerned of which conventional chondrosarcoma is the most frequent, subclassified in central (originating in the medulla of bone) and peripheral (at the surface of bone) secondary to a benign osteochondroma (1) . Enchondroma is a benign lesion that may be the precursor of central chondrosarcoma. Chondrosarcoma is further stratified by histologic grade, and, especially, patients with grade 2 and 3 tumors have a dismal 5-year survival of f53% due to irresectible recurrences or metastases (2) . Often, surgery is the only effective treatment known. These tumors are refractory to conventional chemotherapy or radiotherapy (2, 3) .
Sex steroids, especially estrogen, are important in the regulation of longitudinal skeletal growth that results from chondrocyte proliferation and differentiation in the epiphyseal growth plate of long bones. Both the initiation of the pubertal growth spurt and the closure of the growth plate that finalizes longitudinal growth at the end of puberty are regulated by estrogen (4) . It is now clear that estrogen exerts these effects in both sexes through the identification of male patients with deficiencies in either aromatase p450 or the estrogen receptor (ER) a (5).
Estrogen plays a role in skeletal maturation, which involves the progressive ossification of the epiphyseal growth plate through vascular and osteoblastic invasion, proteolysis of the mineralized cartilage matrix, and bone formation. The mechanism of this process is as yet unknown. Estrogen may be involved in vascular invasion because it was shown to stimulate vascular endothelial growth factor (6) and angiogenesis in breast cancer cells (7) . In this respect, it is of interest that progression of chondrosarcoma is characterized by neovascularization as identified by fast contrast magnetic resonance imaging (8) . Also, degradation of the matrix may be stimulated by estrogen because it was shown to induce heparanase (9) .
Aromatase p450 converts androstenedione into estrone, which is converted to the active compound estradiol by 17h-hydroxysteroid dehydrogenase. Estradiol production takes place primarily in the gonads but there is also extraglandular production, mostly through adrenal androstenedione, which is converted to estrone in the periphery. Aromatase expression and estrogen synthesis take place in the ovaries, adipose tissue, brain, placenta, bone, fetal liver, smooth muscle cells, and chondrocytes in the epiphyseal growth plate (10) . Increased aromatase expression is shown in breast tumors both in stromal and tumor cells (11) .
Binding of estradiol to the cytoplasmic ER causes release of ER from heat shock proteins and dimerization. Dimerized ER is subsequently translocated to the nucleus where it activates genes with an estrogen responsive element. Genes with proved regulation by estrogen are available from the estrogen responsive gene database (12) . Two forms of estradiol receptor have been identified, a and h, which form homodimers or heterodimers.
Estrogen is believed to initiate and promote the process of breast carcinogenesis by enhancing the rate of cell division and reducing time available for DNA repair. Drugs that interfere with estrogen signaling have been applied successfully for treatment of breast cancer (13) . Two different strategies have been developed for treatment of hormone-dependent breast cancer: antagonizing the ER (e.g., tamoxifen; ref. 14) and inhibition of estradiol biosynthesis by aromatase inhibitors (15) . Much effort has been put into the development of hormone therapy for breast cancer and these drugs may also be efficient in eradicating other estrogen-dependent tumors, like ovarian and endometrial cancer.
Because estrogen-mediated signaling plays a role in cartilaginous proliferation and differentiation, we hypothesized that antiestrogen or aromatase inhibitors could potentially have an inhibitory effect on proliferation of chondrosarcomas. In this report, we show that the estrogen pathway is indeed active in chondrosarcoma both on the level of the production of the ligand through aromatase activity and the level of its receptor through the presence of nuclear protein expression of ERa. This implies a rationale for drugs interfering with this pathway like aromatase and tamoxifen for the treatment of metastasized or irresectable chondrosarcoma.
Materials and Methods
Patients. For this study, cartilaginous tumor samples were used from 35 patients as well as from three normal growth plate samples. Paraffinembedded formalin-fixed, and fresh frozen tissues were obtained from the archives of the Department of Pathology at Leiden University Medical Center. Tumors were reviewed histopathologically by an expert bone pathologist (P.C.W. Hogendoorn). Patient samples and their characteristics are listed in Table 1 . The tumor series consists of 4 enchondromas, 7 osteochondromas, and 24 chondrosarcomas. All samples were obtained and handled according to the ethical rules for the use of human material as defined by the Dutch Association of Medical Sciences.
RNA expression. To establish the cartilaginous nature of the primary chondrosarcoma cell cultures, mRNA expression for a number of cartilage-specific genes was done using reverse transcription-PCR. Primers for the detection of Collagen 10A1, Aggrecan, and SOX 9 were designed using the Primer3 program (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi) and span at least one exon-intron boundary and are listed in Table 2 . Collagen 1A1 and hypoxanthine phosphoribosyltransferase expression are not specific for cartilage and are a control for integrity of the cDNA. RNA was extracted from the cultured cells using TRIzol (Invitrogen, Carlsbad, CA). cDNA was generated in 20 AL reaction containing 2 Ag total RNA, 100 ng oligo(dT) primer, 500 ng random hexamer (Invitrogen), avian myeloblastosis virus -reverse transcriptase buffer and 5 units avian myeloblastosis virus -reverse transcriptase (Roche, Mannheim, Germany), 20 units Rnasin (Promega, Leiden, the Netherlands), and 1 mmol/L deoxynucleotide triphosphate. Reactions were incubated for 1 hour at 42jC. PCR reactions were done in a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA) on 1 AL cDNA in a 25 AL reaction containing 10 pmol of each primer, 1.5 Amol/L MgCl 2 , 1 Â PCR buffer II, and 0.5 unit AmpliTaq (Roche). PCR products were analyzed on 1.5% agarose gels.
The level of mRNA expression for ERa (ESR1) and aromatase (CYP19) genes was determined using quantitative real-time PCR. cDNA was synthesized as described above. Primers were designed using Beacon Designer 2.0 software (Biosoft International, Palo Alto, CA). PCR was done with the quantitative PCR core kit for SYBR green I supplemented with fluorescin (Eurogentec, Seraing, Belgium) on 0.2 AL cDNA per reaction in an iCycler iQ Real-time Detection system (Bio-Rad Laboratories, Hercules, CA). PCR was done for 40 cycles.
To calculate the relative mRNA levels, we measured the threshold cycle values of a standard curve with a known amount of total RNA. The relative gene expression level of for each sample was normalized for the amount of cDNA input using TATA-binding protein (TBP), a housekeeping gene whose expression is rather constant in chondrosarcoma. The expression level of ESR1 and CYP19 was calculated by dividing the relative value of the gene by the value of the TBP gene. All primer sequences and the annealing temperatures are listed in Table 1 .
Immunohistochemistry. Immunohistochemistry for ERa was done with a rabbit anti-human ER polyclonal antibody (Zymed, San Francisco, CA) at a dilution of 1:150. Staining was done as described (16) . An ER-positive breast cancer was used as positive control. ER positivity for this breast cancer sample was determined biochemically as described (17) . Corresponding species-and isotype-specific IgGs were used as negative controls. Immunohistochemical results were scored negative (À), intermediate (F), or positive (+). Nuclear staining is considered as active ER signaling.
Primary cultures of chondrosarcoma. A sample of surgically removed tumor was collected using sterile forceps and knife and cut into small pieces using a surgical blade. The tumor was incubated overnight at room temperature in dissociation medium containing 0.1% collagenase (Sigma, Zwijndrecht, the Netherlands), 0.1% dispase (Life Technologies, Breda, the Netherlands), 100 IU/mL penicillin, and 100 Ag/mL streptomycin (ICN Biomedicals, Inc., Zoetermeer, the Netherlands) to facilitate dissociation of the cells. Tumor cells were washed thrice with RPMI 1640 and placed in a T25 culture flask containing 10 mL RPMI with 10% FCS, 50 IU/mL penicillin, and 50 Ag/mL streptomycin. A subset of the chondrosarcomas collected started cell division in vitro after a few weeks and underwent several passages.
Analysis of aromatase activity by tritiated water release assay. Aromatase bioactivity was determined using the tritiated water release assay as described (18) with small modifications.
In short, chondrosarcoma primary cultures of four passages or more were cultured in T75 flasks until 70% confluence and incubated with 2 ACi [1h-gradually decreased and reached a maximum of 83% reduction at 30 Amol/L. This inhibition was within the same range as established previously (18) . This concentration of 30 Amol/L exemestane was used in the other measurements to correct for aspecific tritiated water release. The next day, an equal volume of lysis buffer [100 mmol/L NaCl, 10 mmol/L Tris (pH 8.0), 25 mmol/L EDTA, 0.05% SDS, and 50 Ag/mL proteinase K] was added and samples were incubated for 1 hour at 56jC. Part of this solution was used for total DNA determination using the Hoechst assay (ICN Biomedicals). Three extractions with chloroform were done and the water phase was assayed for tritium radioactivity. The chloroform fractions were pooled and counted. 3 H radioactivity was measured in a Packard 1600 TR liquid scintillation analyzer (Canberra Packard, Zellik, Belgium). Results were corrected for blanks (incubation without cells), recovery loss, and DNA content. The average activity and the SE were calculated. The amount of tritiated water released was expressed in fentomoles per microgram DNA.
Cell growth assay. Cells were grown on phenol red -free RPMI medium with 10% FCS, which was depleted for steroids by charcoal absorption. Cells were seeded in six-well plates (10 À4 cells per well) and 4-androstene-3,17-dione (Sigma) was added in concentrations ranging from 10 À6 to 10 À10 mol/L. Cells were cultured for 7 days and subsequently counted using a CASY1 Cell Counter (Schärfe System GmbH, Reutlingen, Germany). To test the toxicity of exemestane on the chondrosarcoma cells, the cells were cultured for 7 days in the presence of exemestane ranging from 100 to 0.01 Amol/L and subsequently counted. Estrogen was added to these cells in a physiologic concentration (10 À7 mol/L) to be sure that the inhibition of cell growth is a result of the toxicity of exemestane and not a result of the 1 , 1 7 6 C S I I -C M + + 
Results
ESR1 and CYP19 RNA expression. The expressions of two important genes involved in estrogen signaling, ESR1 and CYP19, were determined using quantitative real-time PCR on two chondrosarcoma cell lines, SW1353 and OUMS-27, and five primary cultures of chondrosarcoma. RNA expression was also tested in primary tissues, derived from 3 normal growth plate samples, 2 enchondromas, and 13 chondrosarcomas. For ESR1, RNA from MCF7 breast cancer cell line was used as a positive control. RNA from placenta was used as a positive control for CYP19 expression. The samples used and their nature are listed in Table 1 . Figure 1 and Table 1 
the values were log transformed. All samples expressed ESR1 and CYP19 albeit at rather varying levels. All cDNAs tested in the real-time PCR assay showed a band on agarose gel, indicating that all samples were positive for expression of both genes. Estrogen receptor nuclear protein expression. Protein expression of ERa was determined in 3 normal growth plates, 4 enchondromas, 7 osteochondromas, and 24 chondrosarcomas by immunohistochemistry using an antibody, which was previously reported to reliably detect ERa in cartilaginous tissue (20) . Table 1 shows the protein expression for all samples tested. No difference in staining pattern between central or peripheral chondrosarcomas is observed. Figure 2 shows an example of a grade 2 secondary peripheral chondrosarcoma with positive staining for ERa in the nucleus. All but one cartilaginous tumors stained positive for ERa. This negative tumor was an enchondroma. However, three other enchondromas showed positive nuclear staining. Cytoplasmic in addition to nuclear staining was observed in 41% of the tumors.
Aromatase activity in chondrosarcoma. Aromatase activity was determined in six primary cultures of chondrosarcomas and in two established chondrosarcoma cell lines. Table 3 and Fig. 3 show the results of the tritiated water release assay. Inhibition by exemestane of the aromatase activity is a measure for specific activity of the enzyme. The maximum inhibition of aromatase activity was previously reported to be 72% in growth plate chondrocytes from rats (18) . One established cell line, SW1353, and five of six primary chondrosarcoma cultures all showed inhibition of aromatase activity in the same range (i.e., 60% to 83%). Established chondrosarcoma cell line OUMS27 showed 24% inhibition and one primary culture, L784, showed only 5% inhibition by exemestane. Also, the absolute values of aromatase activity were low in these two cases. Therefore, these two cases were considered as negative for aromatase activity. For five of eight samples, quantitative PCR data were available for CYP19 expression. OUMS27 and L784 both show very low CYP19 mRNA expression, whereas SW1353, L835, and L869 all show CYP19 RNA expression in the same range as most samples (Fig. 2) , indicating that CYP19 RNA expression was in concordance with the enzymatic activity of aromatase.
Stimulation of growth by 4-androstene-3,17-dione and inhibition by exemestane. Three primary chondrosarcoma cell cultures were tested for growth stimulation by estrogen and by androstenedione, the precursor of estrogen that is converted by aromatase. A dose-response curve for estrogen-mediated growth stimulation is shown for the primary chondrosarcoma culture L869 and cell line SW1353 (Fig. 4A ) and shows stimulation of growth. Growth stimulation was detectable at physiologic concentrations of 10 À9 to 10 À10 and at maximum at pharmacologic concentrations of 10 À7 (21). Androstenedione was shown to enhance cell growth in the two primary cultures that were shown to have aromatase activity in the tritiated water release assay in a dose-response like manner as shown in Fig. 4B . Primary culture L784 could not be stimulated by androstenedione, compliant with its lack of aromatase activity.
This androstenedione-mediated growth stimulation could be inhibited by exemestane, again depending on the dose of exemestane administered. Exemestane was shown to be toxic in chondrosarcoma cells and caused growth inhibition ranging from 26% to 61% at a concentration of 100 Amol/L. Also, 10 Amol/L is slightly toxic. At 1 Amol/L, there is no inhibition of estrogen-mediated growth by exemestane. Figure 4C shows a dose-dependent inhibition by exemestane of the growth stimulation in L869 cells grown in the presence of 10 À7 mol/L androstenedione, an effect that could not be observed in L784. Growth of L869 at 1 Amol/L exemestane, the nontoxic dose, showed a similar level as cells cultured without androstenedione.
Discussion
This comprehensive study shows, on the RNA, protein, and cell biological levels, that the estrogen signal transduction pathway is active in cartilaginous tumors and plays an important role in cell proliferation. The expression of CYP19 mRNA, the gene encoding aromatase, was shown in cartilaginous tissue, both normal and neoplastic. For six primary chondrosarcoma samples, growing cells were available in which the aromatase activity was tested. Only one sample, C-L784, was negative in this assay, corresponding to low mRNA as shown by the quantitative reverse transcription-PCR (Fig. 1) . Also, for the established cell line OUMS 27, the quantitative PCR and the aromatase activity assay were concordant. For two primary cultures, C-L835 and C-L869, and established cell line, SW1353, that were positive for aromatase activity, the CYP19 RNA expression was about six times higher than in the cells that were negative for aromatase activity. This indicates that aromatase activity is present in the majority of chondrosarcomas.
Protein expression for ERa was shown in 97% of cartilaginous tumors tested (n = 35). One enchondroma was negative for nuclear ERa staining. The series contained three other enchondromas, of which one showed expression in only 25% of the cells. All other lesions (i.e., 24 chondrosarcomas and 7 osteochondromas) showed strong positive staining in the majority of the cells. This indicates that ERa expression is a common phenomenon in chondrosarcomas and osteochondromas. ERa staining showed predominantly nuclear staining in chondrosarcoma; however, in a few cases, cytoplasmic staining was seen focally. Nuclear staining indicates that estrogen-mediated signaling is active because estrogen translocates ER to the nucleus where it activates transcription of ER-responsive genes. There is, however, also a nongenomic activity of ER, operable in the cytoplasm and acting through mitogen-activated protein kinase signaling. Genomic and nongenomic estrogen signaling in the rat growth plate was reported previously (22) . The identification of cells with ERa cytoplasmic staining in some chondrosarcomas may suggest, albeit focally, a role for nongenomic estrogen signal transduction. For this staining, we used an antibody that had been reported previously to be suitable for staining cartilaginous tissue (20) . This study showed positive nuclear ERa staining and occasionally cytoplasmic staining in the growth plate, restricted to the zone of hypertrophic chondrocytes and the osteoblasts.
Recently, we have reported an association between the occurrence of breast cancer and cartilaginous tumors in the same patient (23) . Breast tumors of patients with a cartilaginous tumor were significantly more often positive for ERa protein expression (24) , thereby providing another potential link between estrogen signaling and chondrosarcoma.
The data presented here suggest that estrogen signaling in chondrosarcoma is intracrine, which is in line with data on human and rat growth plates (4) . This is in contrast to breast cancer where some authors claim that the expression of aromatase is only by the intratumoral stromal cells although others claim expression in both epithelial tumor cells and the stroma (25) .
Estrogen signaling is not unique for chondrocytes and has been identified in a host of musculoskeletal tissues. Especially desmoid tumors indeed seem to be sensitive for antiestrogen therapy (26) . Previous reports are contradictory about the role of estrogen signaling in chondrocytes (27, 28) , which could be attributed to different species, age-specific variations, and different methods for determining estrogen activity. Our study shows the presence of components of the pathway both on the mRNA and the protein level as well as biological activity in vitro.
A very important growth regulatory circuit in the cartilaginous growth plate is the Indian Hedgehog -parathyroid hormonerelated receptor feedback loop (29) . Studies on parathyroid hormone -related receptor in epithelial tissues, especially uterus and breast (27, 30) , indicate that expression of this peptide can be regulated by estrogen signaling. There is no conclusive evidence for a similar connection in cartilage; thus, this remains a subject for further study. We have shown that Indian Hedgehog is absent, whereas parathyroid hormone -related receptor is retained in chondrosarcoma, which may indeed point to a role for estrogen in regulation of parathyroid hormone -related receptor (31) .
Chondrosarcoma bears phenotypic resemblance to normal cartilage, where estrogen-mediated signaling is complex. In the pubertal growth plate, it is not specifically aimed at proliferation of chondrocytes but at maturation. Therefore, antiestrogen treatment is now being considered to inhibit maturation of longitudinal growth in adolescents with short stature by delaying estrogen-mediated closure of the growth plate (32) . This is in contrast with our findings on in vitro cultured cells of chondrosarcoma and nuclear ERa staining in clinical tumor samples. Therefore, the in vivo effect of interference with estrogen signaling will have to be further investigated in animal model systems and carefully designed phase II/III trials to monitor any effects on tumor growth. The effect of estrogen on terminating longitudinal growth is opposite to the growth stimulatory effect that we show on in vitro cultures of chondrosarcoma primary and established cell cultures because these cells are stimulated by estrogen and by androstenedione, the precursor of estrogen at physiologic concentrations. Furthermore, the effect of androstenedione can be specifically inhibited by aromatase, at concentrations that are nontoxic in vitro. These observations suggest that estrogen signaling in cartilaginous tumor cells is an aberrant expression of the pathway, showing growth promotion, at least in vitro. It may imply that interference with this pathway may have a growth-inhibiting effect on chondrosarcoma, corresponding with endocrine breast cancer therapy. Care should be taken by application of such therapy during puberty to avoid interference with longitudinal growth or unwanted complications with pubertal development. Because chondrosarcoma usually presents at adult age, this will not be a point of concern.
Two types of endocrine therapy are available for breast cancer, aromatase inhibition and selective ER modulation. Aromatase is a good target for inhibition because it mediates the last in the series of steps for estrogen synthesis and is the rate-limiting factor (33) . Several aromatase inhibitors are available, both steroidal and reversible nonsteroidal inhibitors, and these targeted drugs have been developed because of the pursuit of pharmaceutical industries, motivated to invest in drugs for the most frequent cancer in women.
Chondrosarcoma is a rare tumor type and has therefore not elicited widespread targeted drug development programs. Other potential drug targets have been suggested, e.g., antibodies that interfere with parathyroid hormone -like hormone activity or BCL2 antisense oligonucleotides (34 -36) .
Furthermore, molecular genetic investigations have implicated several genetic loci in chondrosarcoma tumorigenesis (37, 38) . 4 Here, we show that estrogen-mediated signaling results in chondrosarcoma cell proliferation in vitro and can be specifically inhibited by exemestane. For this tumorigenic pathway, targeted drugs are already developed and approved, implying a potential for pharmacologically approved systemic drugs to treat metastatic or irresectable chondrosarcoma. 
